Endoscopic ultrasound (EUS) is a reference technique for diagnosing and staging several different diseases. EUSguided biopsies and fine needle aspirations are used to improve diagnostic performance of cases where a definitive diagnosis cannot be obtained through conventional EUS. However, EUSguided tissue sampling requires experience and is associated with a low but not negligible risk of complications. EUS elastography is a non-invasive method that can be used in combination with conventional EUS and has the potential for improving the diagnostic accuracy and reducing the need for EUS-guided tissue sampling in several situations. Elastography measures tissue stiffness by evaluating changes in the EUS image before and after the application of slight pressure to the target tissue by the ultrasonography probe. Pathologic processes such as cancerization and fibrosis alter tissue elasticity and therefore induce changes in elastographic appearance. Qualitative elastography depicts tissue stiffness using different colors, whereas quantitative elastography renders numerical results expressed as a strain ratio or hue histogram mean. EUS elastography has been proven to differentiate between benign and malignant solid pancreatic masses, as well as between benign and malignant lymph nodes with a high accuracy. Studies have also demonstrated that the early changes of chronic pancreatitis can be distinguished from normal pancreatic tissues under EUS elastography. In this article, we review the technical aspects and current clinical applications of qualitative and quantitative EUS elastography and emphasize the potential additional indications that need to be evaluated in future clinical studies.
Introduction
The introduction of endoscopic ultrasound (EUS) in clinical practice has introduced an important advancement in the management of a wide variety of diseases. EUS has been demonstrated to have significantly changed the diagnosis and/or management of up to 25% to 50% of cases. [1] [2] [3] [4] [5] [6] [7] Nevertheless, an accurate diagnosis cannot always be determined using only conventional B-mode EUS imaging. In many cases, EUS-guided fine needle aspiration (FNA) and/or biopsy can provide a definitive diagnosis. The accuracy of EUS-guided FNA has been demonstrated to be very high, with sensitivity between 80% and 85%, and specificity approaching 100%. [8] [9] [10] [11] [12] [13] [14] However, EUS-guided tissue sampling is technically demanding, and multiple punctures may be necessary to obtain a sufficient amount of tissue. 15, 16 Furthermore, despite repeated sampling, cytohistologic assessment can be falsely negative, which is reported most frequently for solid pancreatic masses in patients with advanced chronic pancreatitis (CP). 17 Another limitation of conventional EUS is related to lymph node evaluation. Although EUS provides highly accurate images of lymph nodes, the differentiation of benign from malignant lymph node enlargement can be difficult. The established features of malignancy during lymph node evaluation are a round shape, hypoechoic structure, diameter >1 cm, and distinct margins. However, the specificity of malignancy detection using these criteria is still poor. 18 EUS-guided FNA overcomes this problem. However, several enlarged lymph nodes are often present in a patient and conventional EUS provides little help in identifying the optimal node to biopsy. Furthermore, EUS-guided FNA is associated with small, but not insignificant morbidity rates. 19, 20 Hence, new methods have been warranted, allowing for a more accurate but still non-invasive characterization of lesions, limiting the need for EUSguided tissue sampling and guided biopsies of areas with the highest suspicion of malignant in cases where tissue sampling is still necessary. To this end, new techniques such as contrast-enhanced EUS and EUS elastography have emerged. Contrast-enhanced EUS has recently been reviewed elsewhere 21, 22 and will not be covered in this article.
Elastography is a real-time method for evaluation of tissue stiffness. Several different pathologies, including cancer, can induce alterations in tissue stiffness. Elastography was initially developed for evaluation of lesions accessible from the body surface. 23, 24 Today, elastographic evaluation can be performed from the inside the gastrointestinal tract combined with conventional EUS. Promising results have been reported for EUS elastography in several studies, indicating its high accuracy in differentiating benign from malignant lesions both in the pancreas and in lymph nodes. The aim of the present article is to review the technical aspects and clinical applications of EUS elastography and to identify related fields for further studies.
Technical aspects and method of elastography
Elastography can be regarded as a development from the wellknown fremitus technique in breast ultr asonography, which demonstrates that healthy breast tissue vibrate more than solid malignant lesions, despite their isoechoic appearance under B-mode ultrasound. [25] [26] [27] [28] [29] The basis for elastography is the fact that many different pathologic processes, including inflammation, fibrosis, and cancer, induces alterations in tissue stiffness. Elastography evaluates tissue stiffness through the application of slight compression using an ultrasound transducer to the targeted tissue and recording the resulting tissue displacement in the examined field. 30, 31 Elastography is performed and evaluated in real time using a conventional EUS probe attached to a processor with specific software installed. Physiologic vascular pulsations and respiratory movements provide the vibrations and compressions necessary for the recording. The first generation of EUS elastography allowed only qualitative evaluation. Today, sthe second generation also allows quantitative evaluation of tissue stiffness. 26, 32 
Qualitative EUS-Elastography
Qualitative elastography relies on the quantification of the compression-induced deformation of the structures in the B-mode image using the degree of deformation as an indicator of tissue stiffness. 23, 33 Elasticity (on a scale of 1 to 255) is depicted using a color map (redgreen-blue), wherein hard tissue is shown in dark blue, medium hard tissue in cyan, tissue with intermediate hardness in green, medium soft tissue in yellow, and soft tissue in red. Elastography pattern is demonstrated by superimposing the color pattern on a conventional B-mode picture. Usually, a two-panel image is used for presentation, with the conventional grey-scale B-mode image on the right side and the elastographic image on the left (Figure 1) .
For the recording, the EUS probe was pressed onto the gut wall with the same pressure needed to generate an optimal and stable B-mode image at 7.5 MHz. The region of interest (ROI) for the elastographic evaluation was manually selected. Optimally, the ROI includes the whole target lesion, as well as some surrounding tissues for reference. An image stable for at least five seconds is required for the final color pattern characterization because the colors can fluctuate. 34
Quantitative EUS-Elastography
There are two options for quantitative elastography evaluation, a hue histogram and strain ratio calculation.
Hue Histogram
The hue histogram is a graphical representation of the color distribution (hues) in a selected image field. Hue histograms are based on the qualitative EUS elastography data for a manually selected ROI within the standard elastography image. The x-axis in the hue histogram represents the elasticity from 0 (softest) to 255 (hardest) of the tissue. The y-axis represents the number of pixels in each elasticity level in the ROI. The mean value of the histogram corresponds to the global hardness or elasticity of the lesion. 35 Software that constructs and analyzes hue histograms from EUS elastography images is readily available (Image J software, NIH, Bethesda, MD, USA). 36 All recent Hitachi platforms have integrated software for hue histogram analysis. This software also uses a hue scale from 0 to 250, but unlike Image J, 0 represents the hardest and 255 is the softest (Figure 2 ).
Strain Ratio
Qualitative elastography patterns are relative to some extent. The calculation of strain ratio, which analyzes the elastographic picture of the target lesion in relation to the surrounding tissues, is an attempt to address this problem. 37 Similar to the hue histogram, strain ratio calculation is based on standard qualitative EUS elastography data. Two different areas (A and B) are selected for quantitative elastographic analysis. Area A is selected so that it includes as much of the target lesion as possible without including the surrounding tissues. Area B is selected within a soft (red) reference area outside the target lesion, preferably the gut wall. The strain ratio is calculated as the quotient of B/A 38 (Figure 3) . A presumption of this method is that the investigated disease does not significantly alter the hardness of the reference connective or fat tissues.
Clinical applications of EUS-elastography
The evaluation of solid pancreatic lesions and enlarged lymph nodes are the two main indications for EUS elastography. However, some additional indications may increase in importance in the near future.
Pancreatic diseases
Today, EUS is considered a reference method for the diagnosis and staging of inflammatory, cystic, and neoplastic lesions of the pancreas. 4, 39, 40 Nevertheless, the capability of conventional B-mode EUS to differentiate between benign and malignant pancreatic lesions can be less than optimal in some clinical situations. 4 For example, its overall accuracy in differentiating between pancreatic cancer and focal pancreatitis in advanced chronic pancreatitis is not higher than 75%. 41 EUS elastography may be a useful tool in these situations.
Differential diagnosis of solid pancreatic lesions
The first study of EUS elastography in pancreatic solid lesions was published by Giovannini et al. 42 . A total of 24 pancreatic masses were analyzed using a subjective scoring system based on the different color patterns of the images. The lesions that appear mainly blue (harder) were classified as malignancies. Based on this classification, the sensitivity and specificity of the malignancy detection was 100% and 67%, respectively. In this paper, we also established a more refined classification for elastographic appearance as follows: A score of 1 was defined as homogeneous soft tissue (green) and interpreted as normal tissue. A score of 2 was given to heterogeneous soft tissue (green, yellow, and red), and interpreted as fibrosis or inflammation. A score of 3 represents mixed hard and soft tissues (mixed colors) or a honeycombed elastography pattern, interpreted as indeterminate for malignancy. A score of 4 was given for hard (blue) lesions with a soft (green) central area, interpreted as malignant, hypervascularized lesions. Finally, a score of 5 represents predominantly hard (blue) lesions with dispersed heterogenic soft (green, red) areas, interpreted as advanced malignant lesions with necrotic areas. 42 In a subsequent multicenter trial, Giovanni et al. reported EUS elastography findings in 121 cases with pancreatic masses. 43 They used the classification they previously made, classifying scores of 1 and 2 as benign, and 3 to 5 as malignant. The sensitivity, specificity, positive predictive value, and negative predictive value of the differentiation between benign and malignant pancreatic masses were 92.3%, 80.0%, 93.3%, and 77.4%, respectively, and an overall accuracy of 89.2%. The interobserver agreement of the evaluation of 30 cases yielded a kappa score of 0.785 (substantial agreement according to Landis and Koch) 44 in the detection of malignancy. We have published our own experience with qualitative EUS elastography in 130 patients with solid pancreatic masses and 20 controls. Four different patterns, similar to those described by Giovannini et al. were detected as follows: a homogeneous green pattern present only in normal pancreas; a heterogeneous, predominantly green pattern with slight yellow and red lines present only in inflammatory pancreatic masses; a heterogeneous, predominantly blue pattern with small green areas and red lines, and a geographic appearance, present mainly in pancreatic malignant tumors (including pancreatic adenocarcinoma); and a homogeneous blue pattern, present only in pancreatic neuroendocrine malignant lesions. Using this classification, the sensitivity, specificity, positive and negative predictive values, and overall accuracy of EUS elastography for detecting malignancy were 100%, 85.5%, 90.7%, 100%, and 94.0%, respectively. All of the patients were evaluated by two endosonographers who made the same interpretation in 121/130 cases and 20/20 controls, yielding a kappa value of 0.772. 34 Not all studies have observed this level of accuracy in EUS elastography for differentiating between benign and malignant pancreatic lesions. Jansen et al. 45 investigated 20 patients with normal pancreas, 20 with CP, and 33 with focal pancreatic lesions using qualitative EUS elastography and obtained a similar sensitivity (93.8%), but clearly an inferior specificity (65.4%) compared with the aforementioned studies. Their overall accuracy for malignancy detection was 73.5%. Hirche et al. 46 also published results of the qualitative EUS elastography of 70 patients with unclassified solid pancreatic lesions and 10 controls. In their study, adequate elastographic evaluation was obtained in only 56% of the patients. The study pointed out some clinical situations where adequate elastography evaluation may be difficult, including difficulties in including an entire lesion and enough surrounding tissues in the analyzed ROI in large (>35 mm) lesions, lesions distant from the transducer, and presence of fluid (vessels, cysts, etc.) in the ROI. Overall, EUS elastography predicted the nature of pancreatic lesions with poor diagnostic sensitivity (41%), specificity (53%), and accuracy (45%).
More recent studies have analyzed the usefulness of quantitative EUSelastography. We have published the strain ratio results of 86 consecutive patients with pancreatic solid lesions (49 adenocarcinomas, 27 inflammatory masses, 6 malignant neuroendocrine tumors, 2 metastatic oat cell lung cancers, 1 pancreatic lymphoma, and 1 pancreatic solid pseudopapillary tumor) and 20 controls. The strain ratio was significantly higher among patients with malignant pancreatic tumors than those with inflammatory masses. Normal pancreatic tissue showed a mean strain ratio of 1.68 (95%CI: 1.59-1.78). Inflammatory masses presented a strain ratio (mean 3.28; 95%CI: 2.61-3.96) significantly higher than that of the normal pancreas (P<0.001), but lower than that of pancreatic adenocarcinoma (mean 18.12; 95%CI: 16.03-20.21) (P<0.001). The highest strain ratio was found among endocrine tumors (mean 52.34; 95%CI: 33.96-70.71). The sensitivity and specificity of the strain ratio for detecting pancreatic malignancies using a cut-off value of 6.04 were 100% and 92.9%, respectively, exceeding the accuracy obtained with qualitative elastography. 38 Another recent publication retrospectively evaluated 109 patients with solid pancreatic masses using the same methodology. The final diagnosis was 20 patients with CP (6 without and 7 with focal inflammatory masses, and 7 with autoimmune pancreatitis), 72 with pancreatic cancer, 9 with pancreatic neuroendocrine tumors in 9, and 8 with normal pancreas. In the qualitative evaluation, all pancreatic cancers showed intense blue coloration, whereas the inflammatory masses presented mixed colorations (green, yellow, and low-intensity blue). The mean strain ratio was 23.66 ± 12.65 for the inflammatory masses and 39.08 ± 20.54 for pancreatic cancer (P<0.05). 47 The differentiation between mass-forming autoimmune pancreatitis and malignant lesions has been specifically evaluated in one study that comprised 5 patients with mass-forming autoimmune pancreatitis, 17 patients with ductal adenocarcinoma, and 10 healthy subjects. 48 The tiff appearance of the mass lesion and the surrounding pancreatic parenchyma distinguishes autoimmune pancreatitis from ductal adenocarcinoma and normal pancreas.
Saftoiu et al. 35 investigated quantitative EUS ela stography based on hue histograms in their study, which included 22 controls, 11 CP, 32 pancreatic adenocarcinomas, and 3 neuroendocrine tumors. The sensitivity, specificity, positive and negative predictive values, and accuracy of the procedure in differentiating between benign and malignant pancreatic masses were 91.4%, 87.9%, 88.9%, 90.6%, and 89.7%, respectively, using 175 as the cut-off for the mean of the hue histogram. Recently, a multicenter study involving 258 patients (211 with pancreatic adenocarcinoma and 47 with CP) and using the same methodology has been published. The sensitivity, specificity, positive and negative predictive values, and accuracy were 93.4%, 66.0%, 92.5%, 68.9%, and 85.4% respectively, using the same cut-off value (175) for the mean of the hue histogram. 49 Schrader et al. investigated quantitative elastography based on the mean of the hue histogram in 86 patients with malignant pancreatic masses and 28 controls without pancreatic diseases. 50 A 100% sensitivity and specificity for malignancy detection was obtained through the quantitative measurement of the blue color. However, this study did not include controls with benign pancreatic masses or CP We have compared the two different modalities of quantitative EUS elastography in terms of the strain ratio and hue histogram in a recent study and found no differences in the accuracy for the differentiation between benign and malignant pancreatic masses (unpublished data). Figure 4 shows the elastographic evaluation of different solid pancreatic masses.
Chronic pancreatitis
To date, only one study has been published on elastographic findings among patients with CP. 45 In the current study, the qualitative elastography of CP patients demonstrated irregular coloration, showing green areas with heterogenic, predominantly blue strands. These changes were clearly different from those observed in the control group (patients without pancreatic diseases), presented predominantly green and yellow homogeneous patterns. In our experience, normal pancreas presents a homogeneous, predominantly green pattern, and patients with CP present an irregular and heterogeneous, predominantly green pattern, with associated isolated mixed areas (yellow and blue). We have recently conducted a study in our department, evaluating quantitative EUS elastography (based on the calculation of strain ratio) for diagnosing CP. The study comprised 178 patients. The EUS CP criteria were recorded and the patients were classified according to the Rosemont classification. The strain ratios between Rosemont categories revealed significant statistical differences as follows: 1.80 (95%CI: 1.73-1.80) in normal pancreas; 2.40 (95%CI: 2.21-2.56) in cases "indeterminate for CP"; 2.85 (95%CI: 2.69-3.02) for cases suggestive of CP; and 3.62 (95%CI: 3.24-3.99) for cases "consistent with CP" (P<0.001). We also observed a high correlation between the total number of EUS criteria for CP and the strain ratio (r=0.801; P<0.0001) 51 (Figure 5 ).
Lymph nodes
Giovannini et al. 42 analyzed 31 lymph nodes from 25 patients; 3 from the cervical area, 17 from the mediastinum, 5 from the celiac arterial trunk region, and 6 from the aortocaval region. The results of the qualitative EUS elastography were consistent with malignancy in 22 cases, with benign masses in 7 cases, and indeterminate in 2 cases. The indeterminate lesions, which showed heterogenicity, were ultimately classified as benign. No false-negative findings were found, but 5 false-positives were documented. The sensitivity and specificity for determining malignancy were 100% and 50%, respectively. A subsequent multicenter study, also by Giovannini et al., investigated 101 lymph nodes (57 malignant and 44 benign). The elastographic images were interpreted as benign in (score 1+2) cases, indeterminate (score 3) in 10 cases, and malignant (score 4+5) in 53 cases. Considering benign lesions test as negative, and indeterminate and malignant lesions as positive, the sensitivity, specificity, positive predictive value, and negative predictive value for the detection of malignancy were 91.8%, 82.5%, 88.8%, and 86.8%, respectively, whereas the overall accuracy was 88.1%. The interobserver agreement of the evaluation of 30 cases yielded a kappa score of 0.657 for the detection of malignant lymph nodes. 43 Jansen et al. 52 evaluated the feasibility of qualitative EUS elastography of the dorsal mediastinum, comparing the elastographic patterns of lymph nodes to the gold standard (EUS-guided FNA). A total of 66 lymph nodes were examined (37 benign and 29 malignant under histologic evaluation). In the 31 of 37 benign lymph nodes, elastography showed a homogeneous pattern (intermediate elasticity). Predominantly hard tissues (variable patterns) were found in 23 of the 29 malignant lymph nodes. The three examiners had accuracies ranging from 81.8% to 87.9% for benign lymph nodes and from 84.6% to 86.4% for malignant ones. The interobserver agreement was almost perfect (kappa=0.84). A study on qualitative EUS elastography for evaluating lymph nodes has also been conducted at our institution. A total of 63 lymph nodes (54 mediastinal and 9 abdominal, 31 were malignant and 31 were benign in final diagnosis) from 57 patients were included. Three different elastographic patterns were identified: a predominantly blue pattern, a predominantly green pattern, and a mixed pattern (blue and green without predominance). Of the 31 malignant lymph nodes, 24 showed a predominantly blue pattern and 7 showed a mixed pattern. No malignant lymph nodes were observed with a green pattern. Of the 32 benign lymph nodes, the elastographic patterns of 23 cases were predominantly green, 2 cases were predominantly blue, and in 7 cases were mixed ( Figure  6) . In other words, the probability of a benign histology in lymph nodes that present a green pattern on elastography is 100%, and the probability of malignant histology with a predominantly blue pattern was 92.3%. In cases presenting a mixed pattern on elastography, the probability of malignant histology was 50%. 53 Cervical, mediastinal, or abdominal lymph node EUS elastography has been investigated by Satfoiu et al. in a series of 42 lymph nodes. The sensitivity, specificity, and accuracy for the differentiation between benign and malignant lymph nodes were 91.7%, 94.4%, and 92.86%, respectively. 54 The differentiation between benign and malignant lymph nodes has been investigated in one recent meta-analysis that included 7 studies and 368 patients with 431 lymph nodes in total. The pooled sensitivity of EUS elastography for the differential diagnosis of benign and malignant lymph nodes was 88%, and the specificity was 85%. The area under the summary receiver operating characteristic curve was 0.9456. The authors concluded that EUS elastography is a promising, non-invasive method for the differential diagnosis of malignant lymph nodes, and may become a valuable supplemental method to EUSguided FNA. 55 Studies on quantitative EUS elastography for the evaluation of lymph nodes are few. The previously referred study by Saftoiu et al. 54 also included a qua ntitative analysis based on RGB channel histogram values from EUS elastography images. The sensitivity, specificity, and accuracy for malignancy detection were 95.8%, 94.4%, and 95.2%, respectively, at a cut-off level of 0.84. 54 In a subsequent study, Saftoiu et al. investigated 85 cervical, mediastinal, and abdominal lymph nodes in 54 patients using quantitative EUS elastography based on hue histograms. A definitive diagnosis was obtained in 78 cases (37 benign and 41 malignant). The sensitivity, specificity, and accuracy in the detection of malignancy were 85.4%, 91.9%, and 88.5%, respectively, using 166 as the cutoff level for the mean of the hue histogram (between blue and green on the rainbow scale). The corresponding AUC was 0.928. 56
Transrectal EUS elastography
The value of transrectal EUS elastography has been investigated for the diagnosis and evaluation of prostate cancer, rectal cancer, inflammatory bowel disease, and fecal incontinence. In prostate cancer, elastography has been demonstrated to be superior to transrectal EUS alone, 57 and it improves the specificity of prostate biopsies by highlighting areas highly suspected of malignancy. 58 The sensitivity of transrectal elastography in the diagnosis of prostate cancer ranges from 68% to 92%, and its specificity, from 62% to 87%, in patients clinically suspected of prostate cancer. [57] [58] [59] [60] Transrectal elastography for differentiating between benign and malignant rectal tumors has been evaluated in one study, which involved 69 patients with rectal tumors. Quantitative elastography using the strain ratio differentiated between adenomas and adenocarcinomas with a sensitivity of 0.93, a specificity of 0.96, and an accuracy of 0.94. 61 In a recent pilot study, EUS evaluation of rectal wall thickness and the strain ratio has been investigated for diagnosing inflammatory bowel disease and differentiating Crohn's disease from ulcerative colitis. 62 Patients with Crohn's disease had significantly higher strain ratios both than the controls and patients with ulcerative colitis, but there was no difference between the strain ratios of patients with ulcerative colitis and the controls. Allgayer et al. evaluated the elastography of anal sphincters in 50 patients with fecal incontinence, finding no correlation between the elastographic appearance of sphincters and the functional and clinical parameters of the patient. 63
Other indications
Given the current indications for conventional EUS, EUS elastography may be useful in evaluating solid lesions in left suprarenal glands by differentiating between adenomas and metastases. Our preliminary unpublished data supports this hypothesis. Another possible indication for EUS elastography is differentiating between benign and malignant solid liver lesions. 64, 65 Furthermore, the use of EUS elastography for determining the infiltration of adjacent organs in the staging of gastric and esophageal cancers is currently being evaluated in ongoing studies. Further studies will evaluate the usefulness of EUS elastography in diagnosing the aforementioned diseases and other indications in the near future. We believe that EUS elastography will be an integral part of the EUS evaluation of any pathology that may alter tissue stiffness, including inflammation, fibrosis, and cancer.
Conclusion
Qualitative and quantitative EUS elastography are emerging techniques capable of differentiating fibrotic/ inflammatory tissues from malignant lesions. EUS elastography has been demonstrated to differentiate between benign and malignant solid pancreatic masses and lymph nodes with a high accuracy, as well as normal pancreatic tissues from early CP. EUS-guided tissue sampling will still be needed in many situations. However, EUS elastography is useful for identifying cases in which biopsies are unnecessary and for directing biopsies to optimal areas in cases where histologic diagnosis is required. Future research will further define the role of EUS elastography in clinical practice.
Disclosures
Dr. Julio Iglesias-Garcia is an international advisor of Cook-Medical; Dr. J. Enrique DominguezMuñoz is an international advisor of Pentax Medical Company.
